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Overview
The Arctic M id-Ocean Ridge Ex-
pedition (AM ORE 2001) returned in
early October 2001 after an incredibly
successful nine-week study of Gakkel
Ridge and its surrounding basins in
the high Arctic. AM ORE 2001 was an
international effort involving two ice-
breakers: PFS Polarstern, from  the
Alfred W egener Institute in Brem er-
haven, Germ any, and the new U.S.
icebreaker, USCGC Healy. It was Hea-
ly’s maiden scientific voyage, and she
proved to be an excellent icebreaker
and scientific platform . This historic
and highly successful expedition far
exceeded anyone’s expectations and
went well beyond the goals set forth
by InterRidge in charting and sam -
pling Gakkel Ridge. Some of the high-
lights of the expedition are:
- Basalts and peridotites w ere
recovered from  over 200 sites
within and near the axis of Gakkel
Ridge, about three tim es as m any
sites as were planned.
- H ydrotherm al plum es w ere
discovered and sampled along this
ultraslow spreading ridge.
- A high-resolution, well-navigated
map of the ridge was unexpectedly
produced using the hull-m ounted
m ultibeam  sonar system s, which
worked far better in the ice than
anticipated.
- Successful seism ic m easurem ents
showed that crustal thickness
varies strongly along the axis of
G akkel Ridge, m ost likely
according to distinct volcanic
centers.
- The crustal thickness in the Nansen
Basin does not follow theoretical
models, which predict thin crust at
slow spreading rates. The crust
thickens towards the Gakkel Ridge.
Introduction
Gakkel Ridge is an end-member of
the global spectrum of mid-ocean ridg-
es in many respects, and offers a unique
com bination of characteristics (e.g.
spreading rate, geographical location,
obliquity, segm entation) which m ay
control the com position of the erupt-
ed m agm as, the crustal thickness and
the presence of hydrotherm al activi-
ty. Its spreading rate is by far the
slowest of any m id-ocean ridge and
varies by a factor of two along its
length. AM ORE 2001 has thus greatly
extended the range of values over
which we can investigate the relation-
ships between ridge properties and
spreading rate. Gakkel Ridge has an
exceptionally deep rift valley, and the
thinnest known crust for a norm al
ridge (<4 km ). It has no large offsets,
so it allows examination of the roles of
ridge obliquity (transform  faults) ver-
sus m antle upwelling in causing ridge
segmentation. Gakkel Ridge is far from
the Indian Ocean, and therefore al-
lows separation of the effects of
spreading rate from  the anom alous
Indian Ocean m antle source in the
geochem istry of basalts. Analysis of
a few sm all basalt and peridotite sam -
ples from  Gakkel Ridge suggests the
extents of m elting m ay be very low
(M üheet al., 1997; Hellebrand et al., in
press). This has im plications for the
ratio of peridotite to basaltic crust that
m ay be present in the ridge axis.
W hile so far there is little doubt on
the existence of thin crust in the rift
valley, the situation off-axis is differ-
ent. Past observations and a recent
study (W eigelt & Jokat, 2001) indicate
that there m ight be no sim ple relation
between spreading velocity and crus-
tal thickness away from the Gakkel rift
valley. Although spreading velocity
decreases, sparse seism ic refraction
data and gravity m odeling suggest a
thickening of the oceanic crust.  It is
not clear whether this observation is
typical or if it represents only local
variations in the com position of the
oceanic crust. In any case it challeng-
es currently accepted theoretical mod-
els. M aybe Gakkel Ridge represents a
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threshold spreading environm ent,
where existing global m odels fail in
general.
How the m antle beneath the Arc-
tic Ocean is related to the m antle be-
neath the northernm ost Atlantic
Ocean and the rest of the planet, and
how it m ay have been influenced by
the nearby continents are additional
basic questions that will be addressed
by geochem ical study of the igneous
rocks. Gakkel Ridge is our sole oppor-
tunity to sam ple this portion of the
earth’s interior.
G akkel Ridge
Gakkel Ridge stretches 1800 km
across the Eurasian Basin of the Arc-
tic Ocean, all of it beneath Arctic sea
ice (Fig. 1). It is the m ost rem ote and
slowest spreading portion of the glo-
bal m id-ocean ridge system . To the
west it passes via Lena Trough and
the M olloy Fracture Zone into Knipov-
ich Ridge, the m ost northern part of
the M AR. Its eastern end runs into the
continental m argin of the Laptev Sea,
where rifting continues (Drachev et
al., 1998). Spreading rates decrease
from  1.33 cm /yr (full rate) at the west-
ern end to 0.63 cm /yr at the eastern
end in the Laptev Sea.  Spreading is
nearly orthogonal to the strike of the
ridge and there is only one m ajor off-
set in the ridge axis at about 60°E
(Kovacs et. al., 1985).
Cruise Operation
The ships left Trom sø July 31 and
approached Gakkel Ridge from east of
Svalbard at about 15°E (Fig. 1). The
ships first joined Gakkel Ridge at 20°E
after the seism ic reflection survey
crossing the entire Nansen Basin. Both
ships then traveled westward along
the axis to 8°W  performing bathymet-
ric m apping and sam pling and acquir-
ing seism ic refraction data along axis
between the sam pling stations. The
ships then sam pled the rift axis and
walls intensively as they returned
eastward to 20°E, operating somewhat
independently because of favorable
ice conditions.  The northern and
southern walls of the rift valley were
m apped during this return. During all
seism ic reflection experim ents in the
Nansen and Am undsen basins as well
as the seismic refraction profiles along
the Gakkel Ridge, both ships operated
jointly. Here, Healy led the convoy to
break ice for Polarstern that towed the
stream er and the airguns (Fig. 1). For
both transects in the Nansen and
Am undsen basins this setup was crit-
ical for the excellent data quality
achieved. Because of ice conditions,
the latter transect took place at 72°E
instead of the prim ary geographical
objective which was to have been a
long transect perpendicular to the ridge
at 85°E. At the end of the survey, both
ships visited the North Pole, where a
brief celebration was held.  USCGC
Healy returned to Gakkel Ridge at 87°E
for intensive sam pling of a recent lava
flow (Edwards et al., 2001) while Po-
larstern returned to Gakkel Ridge along
the seism ic survey’s path to the west
and occupied heat flow stations in the
basin. The ships rejoined on Gakkel
Ridge at 72°E for the return trip west-
ward along the ridge that involved
intensive sam pling and m ore bathy-
m etric m apping, with a wide angle
seism ic study carried out concurrent-
ly.  Ice and fog conditions worsened
around Septem ber 11, so sam pling
becam e m ore difficult and som e tar-
gets were forsaken.  Still, Healy and
Polarstern sampled and mapped some-
what independently but in a coordi-
nated program  until the tim e at which
they left the ice around 24°E on Sep-
tem ber 27, 2001.  USCGC Healy re-
turned to Trom sø on October 2, 2001
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Figure 1. M ap of the seafloor of the Arctic Ocean showing the cruise tracks of USCGC Healy and PFS Polarstern during
the AM ORE 2001 expedition.
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while Polarstern went to Bremerhaven
on October 7.
New bathym etric m ap of G akkel
Ridge produced
Surprisingly, the ships’ bottom
mapping sonar systems (Seabeam 2112
on Healy and Hydrosweep on Po-
larstern) were able to generate superb
m aps of the seafloor even while the
ships were breaking ice. The bathy-
metric results far exceeded our expec-
tations. The total surveyed region
covers ~1000 km of the axis from 8°W
(Lena Trough) to 88°E, providing the
first data for the western Gakkel Ridge.
The resolution of these data is signif-
icantly better than previously existing
bathym etryfrom  SCICEX (Cochran
et al., in prep.) and reveals geologic
detail critical to understanding the
segm entation and volcanic and tec-
tonic processes of this ultra-slow
spreading M OR. The new bathymetry
data show three distinct m agm atic-
tectonic regions within the area
mapped.
Rock recoveries
There was som e doubt about
whether we would be able to dredge in
ice covered waters. After a steep learn-
ing curve, the success rate for dredg-
ing was fairly high. Flexibility in choos-
ing targets was important, and in a few
cases, large ice floes kept us away
from  entire regions.  Each dredge
operation had to be carefully set up
and planned, using leads through the
ice pack and taking into account ice
drift velocities. In addition to dredges
on both ships, USCGC Healy em -
ployed wax cores to recover glass and
PFS Polarstern had a TV-Grab. These
m ethods required less open water to
succeed.  Rock sam ples were recov-
ered from  m ore than 200 sites along
the axis and flanks of Gakkel Ridge,
m ostly by dredging.
M ore than 120 basalt glass sam -
ples were analyzed on board USCGC
Healy for major elements, Sr and Ba by
direct current plasm a spectrom etry.
Because the cruise track encompassed
a double-pass along m ost of the ridge,
the on board data perm itted testing of
hypotheses form ulated on the first
pass by further sam pling on the sec-
ond pass. M odels for the effect of
decreasing spreading rate on m elt
com position that predicted progres-
sively sm aller extents of m elting at
greater depths eastward along the
ridge will be tested using these data.
Forty-six thin sections and hun-
dreds of hand sam ples of m antle peri-
dotites were exam ined during the
course of the expedition. M ost of
these peridotites are altered 60-90% ,
like m ost abyssal peridotites. Som e
however are stunningly fresh, con-
taining no detectable serpentine in
thin section. The distribution of m an-
tle rock types is sim ilar to that from
other m id-ocean ridges, but peridot-
ites from  Gakkel Ridge seem  to have
undergone low degrees of partial
m elting in accordance with theoreti-
cal predictions.
Hydrotherm al activity along Gakkel
Ridge
M iniature Autonom ous Plum e
Recorders from  Ed Baker of NOAA
PM EL were used on dredges and rock
cores to identify sites of hydrothermal
venting through light scattering and
temperature anomalies associated with
hydrothermal plumes. In all, there were
118 M APR deploym ents from  Healy
and 19 from Polarstern. Several plumes
were found, and several had corre-
sponding tem perature anom alies. On
board analysis and interpretation of
the M APR data were used to target
CTD/rosette deployments, which were
collected from  Healy at six stations
along the Gakkel Ridge. Plum e water
sam ples were collected for M n, m eth-
ane, and 3He to confirm the hydrother-
mal nature of the light scattering anom-
alies and provide som e estim ate of
source strength. Unweathered hydro-
thermal sulfide chimneys were dredged
at one site.   In addition, a potential
fossil hydrotherm al upflow zone as
evidenced by abundant epidosite
rocks was also dredged from  a tecton-
ically uplifted portion of the ridge
flank.
Biological specim ens
M any of the 98 recovered dredges
by USCGC Healy contained biologi-
cal sam ples from  the benthos and
water column. Animals, mollusk shells,
fossils, associated rocks, and all other
evidence of biological activity were
collected. Organism s were preserved
using m ultiple m ethods for planned
m orphological and genetic studies. A
surprising num ber of dredges yielded
sponges and shrimp. Though the sam-
pling was not biologically targeted,
the recovered anim als are uniquely
valuable to science.  Sessile species
hold clues to the m inim um  age of re-
cent lava flows and sulfide deposits.
If the organism s are hydrotherm ally
associated, their distributions will in-
dicate or confirm  active venting areas
along the ridge, and could extend bi-
ogeographic inferences into another
ocean basin. Pending funding, com -
plete taxonom ic sorting of sam ples
and species identifications will be
conducted, new species will be fully
described, and correlations between
biological distributions and extant
venting will be investigated.
Geophysical Experim ents
To provide a consistent geo-
physical/petrological m odel for the
super-slow Gakkel Ridge, sufficient
inform ation on the crustal thickness
and the com position of the upper
m antle beneath the rift valley and its
flanks is required. Several different
geophysical m ethods were applied
to m eet these objectives. Both con-
ventional ship-based experiments like
seismic reflection experiments as well
as m easurem ents located on drifting
ice floes were conducted. The results
are briefly reviewed here.
Seismic Reflection Experiments. To
determ ine the crustal structure of the
Eurasian Basin north and south of
Gakkel Ridge, two long seism ic
transects in Am undsen and Nansen
basins were acquired. A 24 l airgun
cluster in com bination with a 300 m
long stream er (48 channels, 6.25 m
group spacing) was used. In addition,
36 sonobuoys were deployed in order
to provide inform ation on sedim ent
and crustal velocities for a depth con-
version of the seism ic data. All three
profiles provided excellent data and
m ost of the oceanic basem ent was
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clearly im aged after processing. The
sonobuoys provided signals from
even deeper levels of the oceanic crust
and in a few cases, signals from  the
M oho are visible. This allowed a m in-
im um  estim ate of the crustal thick-
ness. Gravity modeling of the transects
will provide more reliable crustal mod-
els than in the past.
Seismic Refraction Experiments. To
investigate the crustal thickness along
the rift valley of Gakkel Ridge both
ships had to work together. For this
type of reconnaissance survey, only
a few stations were deployed along
each profile. In case of reverse shoot-
ing at m axim um  two seism ic data ac-
quisition units were deployed on ice
floes to record the airgun signals.
During profiling, USGCC Healy led
the convoy, while RV Polarstern towed
an airgun array (in total 24-l) to gener-
ate the acoustic signals. Crustal thick-
ness was m easured at 18 different
locations. All stations worked with-
out problem s. M ost of the record sec-
tions show clear Pn arrivals from  the
crust/m antle boundaries with veloci-
ties between 7.8 and 7.9 km /s. The
crustal thickness along the rift valley
varies between 2 and 6 km .
Gravity m easurem ents. A fixed
mounted gravity meter KSS31 onboard
the FS POLARSTERN gathered grav-
ity data during the entire cruise. The
instrum ent worked without any prob-
lem s during the entire cruise. Harbor
values were taken in Trom sø and
Bremerhaven.
Helicopter based M agnetics. This
program  intended to fly a detailed
m agnetic survey across the rift valley
of Gakkel Ridge. Unfortunately m ost
of the planned survey could not be
conducted, due to constantly foggy
weather conditions. M easurem ents
were performed during only 14 days of
the cruise. M agnetic data were gath-
ered for a total flight tim e of 56 hours
(4480 nm ) with a line spacing of 2 km
across the ridge. The data are of good
quality and were flown across prom i-
nent bathym etric features, so a contri-
bution towards better understanding
of spreading processes along the
Gakkel Ridge can be expected.
Heat Flow m easurem ents. Thirty
eight heat flow m easurem ents were
m ade at fourteen heat flow stations
along the rift valley of Gakkel Ridge,
and seven along an off-axis seism ic
transect into the Am undsen Basin.
Here, good control for the sedim ent
thickness was provided by the seis-
m ic reflection data acquired on the
way to Lom onosov Ridge. In the rift
valley, it was difficult to find sediment
patches of a sufficient extent to per-
form  the m easurem ents. The Para-
sound data clearly showed that sm all
volcanoes covered m ost of the sea-
floor with only a few sedim ents in
between.
Rem ote M agnetotelluric Experi-
m ents and Seism ological Array. The
deploym ent of the seism ological and
m agnetotelluric stations on the ice
faced two problem s. The constantly
bad flight conditions in the beginning
of the cruise in com bination with the
relatively fast sam pling of the petrol-
ogy program  did not allow the sta-
tions to be deployed a reasonable
distance to the ship. The risk involved
in finding the stations after several
days of deploym ent and with flight
distances of more than 50 NM  was too
large. Secondly, the tim e of 3 hours
plus lim ited flight windows needed to
construct one M T station restricted
the num ber of instrum ents.
Five M T-experiments were con-
ducted along Gakkel Ridge to investi-
gate the conductivity of the earth’s
crust and the mantle below this mid-
ocean ridge. The stations were recov-
ered after 3 - 9 days. Critical to the
interpretation of these data is the rota-
tion of the ice floe on which the instru-
ments are located. Although the floes
showed significant drift paths, their
rotation was not so strong. So the
instruments acquired reasonable data
for most of the deployment periods.
W hile the crustal thickness along
Gakkel Ridge was determined by seis-
m ic refraction experim ents, seism o-
logical data are necessary to probe the
upper m antle. For this experim ent a
m obile network consisting of 3-4 sta-
tions was deployed on an ice floe. The
deploym ent of the array was m ostly
finished in three hours. The RefTek
recording units had alm ost no failures
during their deploym ent on the floes.
A first view of the seism ological data
showed that teleseism ic as well as
local events were recorded. The m ost
spectacular quakes were recorded
from  the Pacific-Antarctic ridge with
sufficient S/N ratio. A careful data
analysis will show to which extend
local seism icity along the ridge was
recorded.
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